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INTRODUCTION
Mechanical forces play a central role in early development, aswell as in various important physiological functions, including hearing, touch, or the regulation of heart rate (Chalfie, 2009; Garcia-Anoveros and Corey, 1997; Lumpkin and Caterina, 2007; Pedersen and Nilius, 2007; Wozniak and Chen, 2009) . Various organs have the ability to adapt and cope with high mechanical forces. For instance, resistance arteries reduce their diameter in response to hypertension so that, according to the law of Laplace, they maintain their wall tension constant (Mulvany, 2002) .
Failure to adapt to high mechanical forces (flow or pressure) results in cell death and contributes to pathological states, including atherosclerosis and cardiac hypertrophy (Hahn and Schwartz, 2009; Jaalouk and Lammerding, 2009 ). How cells sense mechanical forces and how they adapt to mechanical stress are not yet fully understood.
Stretch-activated ion channels (SACs) show an increase in open probability (Po) in response to pressure (Kung, 2005; Sachs and Morris, 1998) . The TREK-1, TREK-2, and TRAAK two-pore potassium channel (K 2P ) subunits underlie the stretch-activated K + -selective channels (SAKs) (for review, see Honoré , 2007) . TREK-1, the most thoroughly studied SAK, is thought to be directly activated by tension in the lipid bilayer (Honoré et al., 2006; Patel et al., 1998) . Moreover, channel opening can also be reversibly induced, in the absence of mechanical stimulation, by a variety of anionic amphipathic molecules, including the long-chain polyunsaturated fatty acid docosahexaenoic acid (DOHA), as well as by intracellular acidosis (Honoré , 2007) . TREK-2 shares all the functional properties of TREK-1, besides its sensitivity to external pH (Bang et al., 2000; Lesage et al., 2000; Sandoz et al., 2009) . Transcellular Na + /glucose or Na + / amino acid cotransports in amphibian renal proximal convoluted tubules (PCTs) have been associated with water influx and an increase in cellular volume resulting in the opening of basolateral SAKs sharing the functional properties of the cloned TREK/ TRAAK K 2P channels (Beck and Potts, 1990; Cemerikic and Sackin, 1993; Sackin, 1989) .
Autosomal dominant polycystic kidney disease (ADPKD) is caused by mutations in either PKD1 (85% of the patients) or PKD2 (15% of the patients) genes, encoding the polycystins PC1 and PC2 (Delmas, 2004; Harris and Torres, 2009; Patel and Honoré , 2010; Wilson, 2004; Zhou, 2009 ). PC1 includes a prominent extracellular amino-terminal domain, 12 transmembrane segments, and a short intracellular carboxy-terminal domain. PC2 is a member of the TRP family of calcium channels containing a pore sequence between transmembrane segments 5 and 6. Both proteins interact through their cytosolic carboxy-terminal coiled-coil domains. The polycystin complex has been previously shown to act as a flow sensor in the primary cilium of both renal epithelial and endothelial cells (Nauli et al., 2003 (Nauli et al., , 2008 . Moreover, polycystin dosage was recently demonstrated to regulate arterial pressure sensing (Sharif-Naeini et al., 2009 ). In arterial myocytes we have shown that polycystins regulate the activity of the SACs responsible for the myogenic tone, but the molecular identity of these channels was not defined (Sharif-Naeini et al., 2009) .
Although less than 1% of the tubules become cystic in ADPKD, a gradual decrease in glomerular filtration rate (GFR) ultimately leads to kidney failure (Grantham et al., 2011) . Why so few cysts impair the function of so many nephrons (about 1 million) in the kidney is still an open question. Although cystogenesis results from an increase in cell proliferation, apoptosis of both cystic and noncystic tubular cells is also documented in ADPKD (Boca et al., 2006; Boletta et al., 2000; Edelstein, 2005; Goilav, 2011; Tao et al., 2005; Woo, 1995) . In an experimental model of ADPKD, up to 50% of the glomeruli become atubular, with loss of the glomerulotubular junction cells (Tanner et al., 2002) . Compression/obstruction of noncystic ''healthy'' tubules by growing cysts and/or fibrosis was proposed to result in an upstream tubular dilation (Grantham et al., 2011; Power et al., 2004) . Moreover, abnormal fluid accumulation causes the cyst wall to stretch (Derezic and Cecuk, 1982) . Thus, an increase in intrarenal mechanical stress leading to apoptosis is also proposed to be associated with kidney failure in ADPKD (Grantham et al., 2011) .
In the present report we demonstrate that polycystins play a key role in protecting renal epithelial cells against apoptosis in response to mechanical stress, and this function is mediated through the opening of stretch-activated K 2P channels.
RESULTS
Mechanical Stress-Induced PCT Cell Death Is Influenced by Polycystins In order to study the effect of mechanical stress on cultured PCT cells, we developed an in vitro assay based on centrifugal force. Mouse PCT cells plated on glass coverslips were spun for 4 hr at 2,800 3 g, and after a recovery period of 3 hr, early apoptosis was quantified by detecting the externalization of phosphatidylserine (annexin V assay) and a later event of cell death by visualizing DNA condensation (Hoechst staining) (Figure 1A) . To examine the role of PC1, we used an immortalized mouse PCT Pkd1 À/À cell line derived from a parental Pkd1 2008) (Figures 1A and 1B) . Homozygote inactivation of Pkd1 significantly increased PCT cell death induced by mechanical stress, which was absent in the control condition (Figures 1A and 1B) . In subsequent experiments we studied the effect of the pathogenic mutant PC2-740X expressed in wild-type (WT) mouse PCT cells ( Figure 1C) . Similarly, PC2-740X expression dramatically increased the level of PCT cell death induced by mechanical stress ( Figure 1C ). These findings indicate that polycystins greatly influence the sensitivity of PCT cells to mechanical stress and associated cell death.
The Stretch Sensitivity of SAKs/K 2P Channels Is Conditioned by Polycystins We next examined whether SACs might be involved in the response of renal cells to mechanical stimulation. Using the cell-attached patch-clamp configuration coupled to a fast-pressure clamp system, we identified SAKs in mouse PCT epithelial cells ( Figure 2A ). These channels were recorded at a holding potential of 0mV in the presence of TEA (10 mM), 4-aminopyridine (3 mM), and glibenclamide (10 mM) in the pipette medium in order to minimize possible contamination by BK, K v , or K ATP channels. The single-channel conductance of SAKs recorded in the presence of 5 mM extracellular K + was 49.7 ± 0.2 pS (n = 5), and a reversal potential was extrapolated to be and the reversal potential of these channels was estimated to be about À80mV (see Figure S1 ). Channel activity is illustrated at increasing negative pressure applied at the back of the patch pipette. Pressure pulses are shown at the bottom. Two channels were active in this patch. The zero current is indicated by a dashed line. about À80mV, indicating K + selectivity (see Figure S1 available online). SAKs were recorded in tubular epithelial cells either maintained in primary culture or following immortalization ( Figure 2A , and see later Figure S3C ). Channel openings gradually and reversibly increased with applied negative pressure and eventually reached saturation ( Figure 2A ).
Interestingly, SAK activity was significantly reduced in the Pkd1 À/À cells, as compared to the heterozygote parental Pkd1 lox/À cells ( Figure 2B ). Next, we studied the effect of the pathogenic mutant PC2-740X transiently expressed in WT PCT cells ( Figure 2C ). PC2-740X expression similarly induced a dramatic inhibition of SAK activity at all pressures studied (Figure 2C ). The single-channel current amplitude (i) of SAKs measured at 0mV was not altered by PC2-740X (4.1 ± 0.1 pA, n = 35 and 4.1 ± 0.1 pA, n = 14 for mock and PC2-740X, respectively), indicating that either the number of active channels (n) or the Po is decreased by PC2-740X (as I = n 3 Po 3 i; with I being the mean current). PCT cells also express a constitutively active K + channel resistant to TEA, 4AP, and glibenclamide and which is not modulated by membrane stretch (Figures 2D and 2E) . This channel has previously been documented to be responsible for volume regulation of PCT cells and shown to be encoded by the alkaline-activated K 2P channel subunit TASK-2 (Barriere et al., 2003; L'Hoste et al., 2007) . Importantly, the native TASKlike channels in PCT cells were not affected by expression of PC2-740X, although SAKs were inhibited in the same cells ( Figures 2C-2E ). These findings indicate that polycystins specifically modulate native SAK activity in PCT cells.
Because SAKs in PCT cells share the functional properties of the cloned TREK/TRAAK K 2P channels (Honoré , 2007) , we investigated whether these recombinant channels might similarly be regulated by polycystins. The TREK-1, TREK-2, and TRAAK K 2P channel subunits were expressed transiently in COS cells, and stretch-induced activity was recorded in the cell-attached patch configuration as previously described (Figures 3A and 3B) . No endogenous SAKs were present in this mock-transfected cell line (Patel et al., 1998) . Coexpression with the mutant PC2-740X significantly reduced the stretch-induced TREK-1, TREK-2, or TRAAK currents ( Figures 3A and 3B ). Stretch activation of TREK-1 was also significantly impaired by PC2-D509V coexpression, another pathogenic mutant reported to exert a dominant-negative effect (Bai et al., 2008; Ma et al., 2005; Sammels et al., 2010) (Figure 3B ). In contrast, TREK-1 channel activity was not altered by coexpression with TRPC1, a PC2-interacting TRP subunit (Tsiokas et al., 1999) (Figure 3B ). Notably, PC2-740X failed to affect exogenous TASK-2 channels coexpressed in COS cells ( Figure 3C ).
A possible mechanism for TREK/TRAAK inhibition by PC2 mutation may involve an effect on the biosynthesis and/or trafficking of the TREK/TRAAK channels. However, biotinylation experiments performed in transiently transfected COS cells demonstrate that the plasma membrane expression of the TREK-1 subunits is not altered by overexepression of PC2-740X, suggesting that instead channel gating might be altered ( Figure 3D ). Biotinylation experiments also confirm that WT PC2 is mostly retained in the endoplasmic reticulum, whereas the PC2-740X mutant is targeted to the plasma membrane (Chen et al., 2001 ) ( Figure 3D ). These results indicate that stretch sensitivity of the cloned TREK/TRAAK K 2P channels is impaired by expression of PC2 pathogenic mutants.
Are the General Gating Properties of SAKs Modulated by Polycystins?
Because TREK/TRAAK channels are polymodal, activated by both physical and chemical stimuli, we next investigated whether the general gating properties of SAKs/TREK/TRAAK channels might be affected by PC2-740X. Besides activation by membrane stretch, native SAKs are also opened by intracellular acidosis, either induced by addition of 90 mM extracellular HCO 3 À in the cell-attached patch configuration or directly by lowering intracellular pH in the inside out configuration (Maingret et al., 1999) (A) TREK-1 currents (top trace) recorded in the cellattached patch configuration at a holding potential of 0mV in transiently transfected COS cells (cotransfected with a mock empty pIRES 2 -DsRed plasmid) in response to increasing negative pipette pressure from 0 to À60 mm Hg in steps of À10 mm Hg (bottom trace). When coexpressed with PC2-740X, the amplitude of the stretch-activated current is dramatically reduced (middle trace).
(B) Mean current ratios (I/I mock ) for TREK-1, TREK-2, or TRAAK at a holding potential of 0mV in COS cells cotransfected with empty expression vector (n = 112), TRPC1 (n = 20), PC2-740X (n = 27, 27, and 22), or PC2-D509V (n = 28) in the cell-attached patch configuration at a pressure of À60 mm Hg. (C) TASK-2 currents in a transfected COS cell (together with a mock empty pIRES 2 -DsRed plasmid) recorded in the cell-attached patch configuration at a holding potential of 0mV. I-V curves for TASK-2 in the absence (together with the empty expression vector; n = 9) or in the presence of PC2-740X (n = 6). (D) Biotinylation experiments of TREK-1 in transfected COS cells. Neither PC2-740X nor WT PC2 affects expression of TREK-1 at the plasma membrane in COS cells. The three conditions tested are HA-TREK-1 plus empty vector, HA-TREK-1 plus MYC-PC2-740X, and HA-TREK-1 plus MYC-PC2. Input blot and biotinylation blot were either probed with anti-MYC to detect PC2 or anti-HA to detect TREK-1. Blots were then stripped and probed with anti-actin. Only the input blot showed an actin signal that was equivalent for all three lanes. No detectable difference in TREK-1 expression at the cell surface was seen between any of these conditions. Data represent mean ± SEM. *p < 0.05; **p < 0.01. configuration ( Figure 4C ). Intracellular acidosis has been previously shown to protonate the residue E306 in the cytosolic carboxy-terminal domain of TREK-1, resulting in constitutive channel opening (Honoré et al., 2002) . Substitution of E306 by an alanine mimics protonation and locks the channel in the open conformation. The E306A mutant expressed in COS cells, which shows a background activity resistant to membrane stretch, was again not altered by coexpression with PC2-740X ( Figure S2C ).
Native SAKs in PCT cells, as well as TREK-1 expressed in transfected COS cells, were also reversibly stimulated by external addition of the long-chain polyunsaturated fatty acid DOHA (Figures 4D-4F) . Again, the DOHA-induced activity was not significantly altered by expression of PC2-740X (Figures 4D-4F) .
These results show that although the stretch sensitivity of the SAKs/TREK/TRAAK channels is strongly inhibited by PC2-740X, activation by intracellular acidosis or polyunsaturated fatty acids is resistant. Thus, these findings indicate that polycystins specifically regulate SAK/TREK/TRAAK mechanogating.
Inhibition of SAK Mechanogating by PC2-740X Involves the Actin Cytoskeletal Network
Our previous findings have established that TREK-1 channel activity induced by stretch is repressed by F-actin (Lauritzen et al., 2005) . We explored the possibility that polycystins may affect pressure-dependent TREK/TRAAK channel activity through the F-actin cytoskeleton network.
The actin cytoskeleton can be mechanically disrupted by excision of the patches in the inside out configuration (Lauritzen et al., 2005) . When Pkd1 is inactivated or when PC2-740X is expressed in PCT cells, SAK inhibition, which is observed in the cell-attached patch configuration, disappeared upon excision of the patches in the inside out configuration (Figures 5A and  5B) . Similarly, when transfected in FLNA +/+ cells (A7 cells), which express the PC2 interactor filamin A, an actin-crosslinking protein, again TREK-1 inhibition is reversed by patch excision ( Figure 5C ). By contrast in the FLNA À/À cells (M2 cells), inhibition was absent in both cell-attached and inside out patch configurations ( Figure 5C ). Rescue of channel activity upon patch excision suggests that the cytoskeleton is involved in the downregulation of SAKs/TREK/TRAAK by polycystins. Indeed, treating FLNA +/+ cells with latrunculin A, which disrupts the Factin cytoskeleton, also reversed TREK-1 inhibition in the cellattached patch configuration, although it failed to affect channel activity in the FLNA À/À cells lacking filamin A ( Figure 5D ). These findings indicate that F-actin and filamin A are critically required for the regulation of SAK/TREK/TRAAK mechanogating by polycystins.
SAK Knockout Enhances Tubular Cell Death Induced by Mechanical Stress
Native SAKs recorded in PCT cells share the functional properties of both TREK-1 and TREK-2 subunits, which are similarly activated by stretch, DOHA, and intracellular acidosis, unlike TRAAK, which is activated by intracellular alkalosis. In the subsequent experiments we aimed to identify which TREK subunit encodes for the native SAKs in PCT cells. The TREK-2 subunit has previously been shown to be expressed in the kidney (Bang et al., 2000; Lesage et al., 2000) . Indeed, we detected expression of TREK-2 in whole tubules and in cultured immortalized PCT cells by qPCR ( Figures S3A and S3B ). Although TRAAK was also found in whole tubules (including distal tubules), it was very low in PCT cells ( Figures S3A and S3B ). SAK activity was lost in TREK-2 À/À PCT cells either maintained in primary culture or after immortalization, recorded both in the cell-attached and excised inside out patch configurations ( Figure S3C ). The TASK-like channel activity was, however, still present in the TREK-2 À/À cells ( Figure S3D ).
We examined the renal structure of constitutive TREK-2 knockout (KO) adult mice maintained in basal conditions. These kidneys were not different from those of control WT mice (Figure S4) . Furthermore, in the Pkd1 +/À background, TREK-2 homozygote KO did not show any obvious structural defect ( Figure S4 ). To avoid any possible confounding genetic compensation mechanisms and to be able to inactivate the three stretch-activated K 2P channels at the same time, in subsequent experiments we used a mouse model in which the genes encoding TREK-1, TREK-2, and TRAAK have been knocked out altogether (SAK KO) (Guyon et al., 2009 ). Again, no kidney structural defect was visible in adult SAK KO mice ( Figure S4 ). We next hypothesized that a loss of SAK activation may influence PCT cell death induced by mechanical stress. We compared the sensitivity to centrifugal force (as described earlier) of WT PCT cells with those of SAK KO PCT cells in which the stretch-activated TREK/TRAAK K 2P channels have been deleted altogether. SAK KO PCT cells were consistently more sensitive to mechanical stress-induced cell death, as compared to WT PCT cells ( Figures 6A and 6B) .
We reasoned that a loss of SAK stretch sensitivity may influence tubular cell death in a high intrarenal pressure condition. We used a mouse model of ureteral obstruction that is associated with increased intrarenal pressure and wall stress (Power et al., 2004; Quinlan et al., 2008; Rohatgi and Flores, 2010; Wyker et al., 1981) . We performed unilateral ureteral ligation for 3 days in 10-day-old mice ( Figures 6C-6G ). The dimension of the obstructed kidneys after 3 days of obstruction significantly increased to a similar extent in both WT and SAK KO mice ( Figures 6C and S5) . A close-up view of the kidney structure demonstrates that tubules were significantly dilated upon ureteral obstruction, irrespective of the genotype (Figures 6D  and 6E ). Obstructive uropathy is associated with apoptosis of epithelial cells and tubular atrophy (Power et al., 2004; Quinlan et al., 2008; Rohatgi and Flores, 2010) . We measured apoptosis by a double Hoechst and TUNEL staining in the obstructed, in the unligated contralateral, as well as in the sham-operated kidneys from both WT and SAK KO mice. No apoptosis was detected in sham-operated kidneys (n = 9; data not shown) or in the contralateral kidneys (Figures 6G and S6) . By contrast about 1% of the tubular cells were found apoptotic in the WT obstructed kidneys, in agreement with previous reports (Power et al., 2004; Quinlan et al., 2008; Rohatgi and Flores, 2010; Wyker et al., 1981) (Figures 6F and 6G) . Remarkably, the number of apoptotic cells almost doubled in the obstructed kidneys from SAK KO mice lacking the stretch-activated K 2P channels (Figure 6G ). These findings demonstrate that TREK/TRAAK K 2P channels are protective against tubular epithelial cell death induced by mechanical stress both in vitro and in vivo.
DISCUSSION
The present study shows that when SAKs are inactivated, similarly to Pkd1 KO or PC2 pathogenic mutant expression mimicking ADPKD, PCT cells in vitro become highly sensitive to mechanical stress and undergo apoptosis. Moreover, our in vivo findings further indicate that the opening of the TREK/ TRAAK channels is protective against apoptosis associated with high intrarenal pressure. We identify, and demonstrate at the molecular level, the regulation of SAKs (K 2P channels) by polycystins in the kidney. Altogether, these findings show that mechanoprotection by polycystins against apoptosis is mediated through the opening of stretch-activated K 2P channels. These molecular findings are significant to better understand how polycystins regulate pressure sensing in the kidney. Is the regulation of SAKs by polycystins specific? Native or exogenous TASK-2 channels (another K 2P channel) are not altered by PC2-740X expression, whereas in the same PCT cells, SAKs are inhibited. PC2-740X also fails to affect other types of ion channels such as voltage-gated K + channels or ASICS (Sharif-Naeini et al., 2009 ). In addition, PC2-740X does not influence the E306A TREK-1 gain-of-function mutant. SAK inhibition is not seen with TRPC1, another TRP channel subunit. Importantly, we provide evidence using biotinylation experiments, that the plasma membrane expression of TREK-1 is not altered by PC2-740X. Remarkably, when we excise patches in the inside out configuration, SAK activity is fully rescued, demonstrating that channels are still present at the plasma membrane, but their stretch sensitivity is specifically repressed by PC2-740X expression in the cell-attached configuration. Moreover, low pH i or DOHA activation of SAKs in the cell-attached configuration is not altered, again demonstrating that channels are functional at the plasma membrane when PC2-740X is expressed, although their stretch activation is strongly repressed. These findings indicate that the pathogenic mutant PC2-740X selectively inhibits the stretch sensitivity of K 2P channels. Our previous study demonstrated that polycystins also regulate the stretch sensitivity of nonselective SACs in arterial myocytes (SharifNaeini et al., 2009) . Because the loss-of-function PC2 D509V mutant similarly inhibits SAK mechanogating, PC2 permeation is unlikely to be involved in this effect.
Potassium channel activity has been shown to be proapoptotic in both neuronal and non-neuronal cells (for review, see Patel and Lazdunski, 2004) . For instance the TASK-2 K 2P channels play a key role in PCT cell apoptotic volume decrease (AVD) (L'Hoste et al., 2007) . By contrast in the present study we demonstrate a protective role for SAKs (i.e., TREK/TRAAK K 2P channels) against mechanical stress-induced cell death. Failure to repolarize could be an important factor in the initiation of stretch-induced cell death (Kainulainen et al., 2002) . Opening of SAKs in PCT cells during mechanical stimulation is anticipated to protect cells from excessive depolarization. Another possible explanation for mechanoprotection by SAKs might be related to cell swelling associated with Na + /solute cotransport, previously shown to be coupled to SAK activity at the basolateral membrane of PCT cells (Beck and Potts, 1990; Cemerikic and Sackin, 1993; Sackin, 1989) . Although the present findings suggest that stretch activation of SAKs during mechanical stress protects PCT cells from apoptosis, constitutive TREK/TRAAK channel activity is anticipated to have an opposite effect. Indeed, our previous work indicates that constitutive (or leak) K 2P channel activity such as TREK-1 E306A is proapoptotic, unlike WT TREK-1 (Lauritzen et al., 2003) . These results indicate that SAK mechanogating is probably central to its protective effect. Cells will hyperpolarize during mechanical stress because of the opening of SAKs. Is the hyperpolarization, or the change in intracellular K + resulting from the K + efflux, or both, linked with cellular mechanoprotection? We have performed in vitro mechanical stimulation of PCT cells for 4 hr (centrifugal force) and subsequently measured intracellular K + concentration. No significant difference is seen between control and SAK KO cells before or after mechanical stress (data not shown). Thus, it is unlikely that K + itself is involved in the protective effect of SAKs. We propose that cell hyperpolarization is a key parameter in mechanoprotection by SAKs. Urinary tract obstruction, which is the leading cause of pediatric end-stage renal failure, notably provokes tubular cell apoptosis (Chevalier, 2008) . In line with this clinical observation, previous experimental findings indicate that there is a close association between tubular distension and apoptosis in the kidney (Grantham et al., 2011; Power et al., 2004; Quinlan et al., 2008; Wyker et al., 1981) . In the present study, inactivation of SAK K 2P channel subunits significantly enhances tubular cell apoptosis in an experimental model of ureteral obstruction in the newborn mouse. These results show that opening of SAKs exerts a protective effect on tubular epithelial cells subjected to chronic stretch. It would be interesting to stimulate SAK opening during ADPKD, with an expected protection of renal cells. Unfortunately, to our knowledge, because neither a specific opener nor a SAK gain-of-function mouse model is yet available, this experiment cannot be performed at the present time.
Thus, resistance to apoptosis induced by high intrarenal pressure involves mechanotransduction (i.e., opening of mechanogated potassium channels). To our knowledge, this is the first time that a functional link is established between mechanotransduction and mechanoprotection. TREK and TRAAK channels are broadly expressed, including in cardiac and arterial myocytes, as well as in endothelial cells Garry et al., 2007; Terrenoire et al., 2001) . Thus, our findings may be extended to other pathologies associated with apoptosis and in which pressure or flow stimulation is altered, including cardiac hypertrophy/heart failure or atherosclerosis (Hahn and Schwartz, 2009; Jaalouk and Lammerding, 2009) .
Here, we demonstrate that upon Pkd1 inactivation or expression of a PC2 pathogenic mutant, mimicking ADPKD, inhibition of the stretch sensitivity of SAKs is deleterious and contributes to increased tubular apoptosis. In ADPKD a ''two hit'' mechanism was put forward to explain focal cystogenesis, slow progression of the disease, and the interfamily phenotypic variability (Qian et al., 1996; Wu et al., 1998) . However, several observations also suggest that an additional dosage mechanism may be at play in the disease (Lantinga-van Leeuwen et al., 2004; Pei, 2001) . If polycystin dosage is indeed involved, it is anticipated that SAK activity will be decreased in both cystic and noncystic tubules of ADPKD kidneys where apoptosis is detected (Woo, 1995) .
The present results also demonstrate the critical role of the F-actin/filamin A network in the regulation of SAKs by polycystins in kidney epithelial cells. We previously introduced the ''Upholstery Model'' to explain how polycystins may affect the conversion of intraluminal pressure to local bilayer tension (Sharif Naeini et al., 2009) . We proposed that PC2 through interaction with filamin A and crosslinking of F-actin may influence the radius of membrane curvature in microdomains and thus, according to Laplace's Law, control membrane tension (Sharif Naeini et al., 2009 ). The PC2/filamin A interaction is predicted to occur whether PC2 is in the endoplasmic reticulum or at the plasma membrane because in both cases the C-terminal domain of PC2 will be facing the cytosol (Sharif Naeini et al., 2009) . The deletion of the carboxy-terminal domain of PC2 at position 690, unlike at position 740, impairs the interaction with filamin A (our proteomic data; Sharif-Naeini et al., 2009), and moreover, PC2-690X fails to influence SACs (data not shown). In the present study we identify the molecular identity of the mechanogated ion channels regulated by polycystins through the actin cytoskeletal network in renal tubular epithelial cells, with TREK-2 playing a key role in PCT cells. Because stimulation of SAKs by low pH i or polyunsaturated fatty acids is not altered by polycystins, these modes of K 2P channel activation are likely to be independent of membrane tension or of the actin cytoskeletal network.
In conclusion we put forward a mechanism whereby a loss of mechanoprotection by SAKs (i.e., TREK/TRAAK K 2P channels) enhances tubular cell death and contributes to kidney failure in ADPKD. Altogether, these results allow a better understanding of the molecular basis of renal mechanotransduction, mechanoprotection, and involvement in disease states.
EXPERIMENTAL PROCEDURES Electrophysiology
Electrophysiological procedure has been previously described elsewhere (Sharif Naeini et al., 2009) . Briefly, single-channel cell-attached patch-clamp recordings were performed on primary cultures or immortalized PCT cells, as well as on transiently transfected COS-7, M2, or A7 cells. The pipette medium contained 150 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , and 10 mM HEPES (pH 7.4 with NaOH). The pipette solution also contained 10 mM TEA, 5 mM 4AP, and 10 mM glibenclamide to inhibit eventual contaminating potassium channels. The bath medium contained 155 mM KCl, 5 mM EGTA, 3 mM MgCl 2 , and 10 mM HEPES (pH 7.2 with KOH). The osmolality of all solutions was adjusted to 310 mOsm. For HCO 3 À stimulation, 90 mM KCl was substituted with 90 mM KHCO 3 . Membrane patches were stimulated with brief negative pressure pulses of À10 mm Hg increments, through the recording electrode using a pressure-clamp device (ALA High Speed Pressure Clamp-1 system; ALA Scientific). 
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